How animals use sensory information to weigh the risks vs. benefits of behavioral decisions remains poorly understood. Inter-male aggression is triggered when animals perceive both the presence of an appetitive resource, such as food or females, and of competing conspecific males. How such signals are detected and integrated to control the decision to fight is not clear. For instance, it is unclear whether food increases aggression directly, or as a secondary consequence of increased social interactions caused by attraction to food. Here we use the vinegar fly, Drosophila melanogaster, to investigate the manner by which food influences aggression. We show that food promotes aggression in flies, and that it does so independently of any effect on frequency of contact between males, increase in locomotor activity or general enhancement of social interactions. Importantly, the level of aggression depends on the absolute amount of food, rather than on its surface area or concentration. When food resources exceed a certain level, aggression is diminished, suggestive of reduced competition. Finally, we show that detection of sugar via Gr5a
Introduction
Metazoan organisms in nature constantly face behavioral choices. Depending on the actions selected, an animal may gain access to potential resources or risk starvation, predation or agonistic interactions. Aggression is an ideal system in which to study how the nervous system makes value-based decisions, as the decision to fight comes with apparent costs and benefits, and requires the assessment of a potential conflict: the detection of attractive resources and competitors who limit access to such resources.
As in many other species, Drosophila males exhibit a genderspecific repertoire of stereotyped aggressive behaviors [1] [2] [3] [4] [5] [6] [7] [8] [9] . Recent studies have identified some of the male-specific sensory signals and their physiological receivers relevant for aggression [1, 2, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In particular, cuticular hydrocarbon pheromones, such as 11-cis-vaccenyl acetate (cVA) [1, 3, 9, [21] [22] [23] [24] [25] [26] [27] and (z)-7-tricosene (7-T) [1, 4, 24, [28] [29] [30] [31] [32] promote aggression through olfactory [1, 2, 4, 5, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and gustatory receptor neurons [10, [12] [13] [14] [15] [16] [17] [18] 21] . However, the detection of cues from conspecific males is a necessary but not sufficient condition for aggression: male flies will not fight unless a resource, such as food or females, is present [1, 3, 4, 9, [22] [23] [24] [26] [27] [28] [29] [30] [31] [32] .
Despite much progress, fundamental questions remain unanswered about how resources promote aggression. In particular, it is widely assumed that flies fight in the presence of food due to competition over a limiting resource or to claim territory for potential reproductive advantages [3, 22, [33] [34] [35] . However, other explanations have not been excluded. For example, increased aggression in the presence of food could simply be due to an increase in encounter frequency and/or duration between males attracted to the resource, or to an increase in aggressive drive or arousal. Food may also increase locomotor activity, promoting increased encounters and thereby indirectly enhancing aggression. In addition, most previous reports [3, 10, 22, 24, [27] [28] [29] 31, 32, [36] [37] [38] [39] [40] measured male-male aggression in the presence of females, which added a potential confound, as presence of females can increase aggression on its own [23, 41, 42] . Finally, it is not clear whether food promotes aggression in a purely permissive or in an instructive manner.
A resolution of these issues would be facilitated by a quantitative analysis of aggressive behavior on variable food resources. Such analyses have been enabled by the development of machine visionbased automated aggressive behavior recognition software [26, [43] [44] [45] [46] . Here we report on the results of such an analysis, performed in the context of systematic and quantitative manipulations of food resource parameters and analyses of their effects on male-male social interactions. Our results set constraints, in a principled and rigorous manner, on models for how food promotes aggression.
We also identify a key component of food and its chemoreceptor that are required for aggression.
Results
The effect of food to promote aggression is not due to an increase in male-male social encounters Previous reports [3, 22, 27, 35, 47 ] on food's influence on fly aggression used assays with females, leaving open the possibility that food only exerts influence on aggression in the presence of females. Recently, a paper in our laboratory [9, 48] showed that in a small arena without females, food increases aggression in a pair of males. We investigated whether the presence of a central food patch in a bigger arena (as described in [26, 49] ) could increase aggression compared to agarose and observed an increase in the number of lunges in the presence of food (Figure 1a , apple juice mixed with 100 mM sucrose and 1% agarose is hereafter referred to as ''food''; different from fly culture medium).
Fly aggression assays are typically performed in the presence of a small central food patch [26, 50] or an elevated cup containing food [3, 22, 27, 51, 52] , placed in a larger chamber ( Figure 1c , left and Figure S4a ). Since food is an attractive resource [53, 54] , it is possible that food increases aggression by simply increasing the proximity between the two flies due to their attraction to food. This increase in proximity could in turn increase the frequency or duration of encounters between flies. As aggressive interactions between males depend on non-volatile cuticular hydrocarbon pheromones that are detected by contact chemoreceptors [1, 3, 4, 10, 12, 14, 18, 22, 27, [55] [56] [57] , an increase in encounters might enhance aggression indirectly, by promoting pheromone detection. In order to distinguish whether the effect of food to enhance aggression was due to an increased fly proximity on the food patch, we repeated the assays in a modified arena in which the entire surface was covered with a food substrate ( Figure 1c and Figure S4b ). Control arenas were covered with a uniform layer of agarose. Under these conditions, there was still a clear and significant effect of food to increase the number of lunges (Figure 1b) .
To gain further insight into how food affects the proximity of flies and how this may affect the level of aggression, we examined a heat map of fly distribution in the presence of a patch of food and uniform food ( Figure 1c To quantify the effects of aggregation on proximity between two flies, we measured the amount of time flies spent at various distances from each other (Figure 1d ). This histogram revealed a prominent peak at an inter-fly distance of 3-5 mm, suggesting that flies have a preference to remain within 1-2 body lengths (depending on orientation, average male fly body length is ,2.5 mm). The height of peak was the same whether uniform food was present or absent ( Figure 1d ). In contrast, in the presence of a small food patch, there was a small but statistically significant increase in the height of the interaction peak ( Figure S1e ). This peak likely reflects a preferred interaction distance, as transformation of one fly's position with respect to time by reversing the order (first frame becomes the last frame of the assay) or shifting the order (first frame becomes the 1000th frame) while keeping the other fly's position constant led to a completely different inter-fly distance distribution ( Figure S1f and Figure S1g ). In order to convert this distribution to a single metric, we integrated the area under the peak between 0 to 10 mm (3-4 body lengths depending on the orientation of the two flies), which we operationally define as ''encounter duration'', which accounts for roughly 50% of the time flies spend during the assay. This parameter was not significantly different between uniform food vs. agarose (Figure 1e) , further confirming that food is able to increase aggression without affecting proximity and encounter parameters. Encounter duration was a more robust measure of proximity than other measurements of proximity, such as encounter frequency, because encounter duration displayed less variance, was uncorrelated with aggression ( Figure S2a ) and contained temporal information (i.e. long encounter vs. a short encounter). Taken together, these data indicate that the presence of food can increase aggression independently of any effect to increase the average time that flies spend in proximity to each other.
Food increases male-male aggression independently of arousal
The foregoing analysis left open the possibility that food might promote aggression by increasing general arousal. One measure of general arousal is locomotor activity [58, 59] . Indeed, a pair of male flies exhibited a small but significant increase in distance traveled in the presence vs. the absence of food (Figure 1f ). Because aggression itself involves increased locomotion ( Figure  S3a ) [26, 45] , it is not clear whether increased locomotion is a cause or a consequence of increased aggression. Previous studies have addressed this by normalizing the number of lunges to total distance traveled [26, 45] . Normalized for locomotion, food still robustly increased aggression (Figure 1g ).
If food increases aggression by increasing general or social arousal, it might also be expected to increase male-male courtship, another social behavior observed in these assays [1, 2, 4, 14, 16, 19, 30, 45, 60, 61] . Male-male courtship is known to be inhibited by male-specific pheromones [1, 19, 62] but it is still observed among pairs of wild-type male flies albeit at low frequency [45, 61, 63] . Unlike male-male aggression, food did not increase male-male courtship, measured by unilateral wingextensions ( Figure 1h ) and circling behavior after normalization for distance traveled (Figure 1i ).
Male-male courtship occurs predominantly in the first few minutes of a social encounter, and therefore averaging over the entire 20-minute assay might have missed a transient fooddependent increase ( Figure S3b ). As expected, food increased aggression in the first three minutes ( Figure S3c ). In contrast, food actually decreased the frequency of one-wing extensions over the first three minutes of the assay (Figure 1j and Figure S3d ). Thus, in pairwise male-male social encounters, food selectively enhances aggression but not male-male courtship. These results support the notion that food can specifically increase aggression in a manner that does not reflect a general increase in social interactions.
The level of aggression depends on the absolute amount of food If food specifically enhances aggression, how do flies measure it? The answer to this question sets constraints on the sensory systems that are involved, and ultimately how the brain uses this information to guide the decision to fight. We first examined the effect of changing the area over which food (at a fixed concentration) is distributed, using a modifiable arena ( Figure  S4c ). Consistent with previous reports [22, 27] , we observed a dose-dependent relationship between the size of the food patch and the level of aggression (Figure 2a ). Next we investigated whether this dose-dependent increase was due to an effect on either proximity, arousal, or general social interactions. Although, Figures 1a and 1b) . It uses a red-blue color map from MATLAB where deep red is high frequency (60 frames, which is roughly 2 seconds, are the deepest-red) and blue is 0. Every subsequent position heat map is presented in the same manner. On the left, flies are attracted to the patch of food while on the right the uniform food does not lead to attraction to a specific spot in the arena. (d) Uniform food does not change the amount of time flies spend at various distances from each other. The inter-fly distance histogram shows amount of time flies spend (y-axis) at a given distance from each other (x-axis). The distribution is not affected by the presence of food (1-way ANOVA). There is a very prominent peak around 3-4 mm, which ranges from 2 mm (less than 1 body length of flies) to 10 mm (3-4 body lengths), and accounts for around 50% of the 20 minutes assay. The area under the curve from 0 to 10 mm is hereafter referred to as ''encounter duration''. The trace is the median trace from 72 and 44 male-male pairs for food and agarose, respectively. Figure 1d . (j) In the first three minutes, food progressively increases aggression (blue circle). In contrast, one-wing extension decreases (red circle). In the absence of food, lunges do not increase or decrease (blue box); courtship decreases (red box). See Table S1 for we observed a slight increase in locomotion as the size of the food patch increased (Figure 2b ), this enhanced aggression was seen even when normalized by locomotion (Figure 2c) . Furthermore, the inter-fly distance distribution was not changed by any of the differently sized food arenas that were tested ( Figure S5b ). Unlike aggression, male-male courtship showed no change in response to the change in the amount of food (Figure 2d) , suggesting that the dose-dependent effect of food does not reflect a general increase in social interactions.
Previous studies did not distinguish whether the increase in aggression caused by increasing the size of food patch was due to an increase in area, total food amount or both [22, 27] . We therefore investigated whether changing the concentration of food while keeping the arena area constant would yield a similar result.
Indeed aggression in a fixed-size arena increased as the concentration of food increased (Figure 2e left) . In fact, when we compared the level of aggression in the cases where the areas of food were different (Figure 2e right) but the caloric content was matched, the level of aggression was indistinguishable (see Figure  S5a for side-by-side comparisons). These data are incompatible with the notion that flies assess the quality of food in the context of aggression by using a physical dimension of food territory, such as area or perimeter circumference. Instead, these results suggest that the level of aggression depends upon the absolute amount of food in the substrate.
statistics. Manually scored data of lunges and 1-wing extensions. n = 33 and 33 for food and agarose conditions for lunges. n = 34 and 31 for food and agarose conditions for one-wing extensions. doi:10.1371/journal.pone.0105626.g001 
Flies decrease fighting when food exceeds a certain threshold
The foregoing experiments show that aggression requires a minimal amount of food, and scales as the quantity of food increases. If aggression is driven by competition over food, then aggression should decrease at some point, if the food becomes available in excess, as it is seen in many other species [64, 65] . Indeed, previous studies showed that a very large area of food can decrease aggression in comparison to an intermediate area of food [22] . We confirmed these findings in our setup by testing 5 additional larger food patches with areas .707 mm 2 . Under these conditions, we observed a gradual decrease in aggression as the area of the food patch was increased to 2376 mm 2 , the largest size tested (Figure 3a and Figure SS4c ).
It was previously suggested that the decrease in aggression observed may be due to the increased energetic cost of defending a greater territory or a larger food patch [22] . However, given our finding that fly aggression depends on the absolute amount of food rather than the area of food, it remained a possibility that the decrease in aggression was also caused by a greater quantity of food. Indeed, when we decreased the concentration of food in the largest arena (2376 mm 2 arena) from 100% to 30%, aggression was increased to a level equivalent to that in a smaller (707 mm 2 ) but nutritionally identical arena containing 100% food (Figure 3d ). This increase in aggression was still significant after normalization for locomotion ( Figure 3e and Figure S5c ), while male-male courtship did not show any increase (Figure 3f ). These data further support the idea that flies tune their level of aggression as a function of the absolute amount of food available. Aggression is enhanced as the amount of food is increased to a certain point, and decreases as the amount of food is increased above that amount.
The dose-response relationship we observed above suggested that there could be a continuous relationship between the amount of food and aggression. This would imply that the role of food may be instructive rather than purely permissive. Nevertheless, using the Kruskal-Wallis test, we were only able to resolve a few statistically distinct groups among the different sizes of food tested, due to the high pair-to-pair variability in the amount of fighting (Table S3 ). One shortcoming of using Kruskal-Wallis test is that since it treats groups being tested as categorically distinct, as the number of groups increases, Bonferroni corrections for multiple comparisons reduce statistical power to resolve small differences. For instance, among the 13 different sizes of food we tested, there were 78 comparisons made, and after correcting for multiple comparisons, only a few points were statistically significantly different from each other, despite the fact that when individually tested in a pair-wise manner, many more were significantly different (See Table S3 ).
As an alternative approach to this problem, since the amount of food is a continuous rather than a discrete variable, we performed a curve-fitting analysis to model the relationship between food quantity and aggression. The simplest possible model to test whether the data we observe has an increasing phase and a decreasing phase is the quadratic function ( Figure S6a ). We ran an ordinary least squares estimation method, a form of regression analysis, among quadratic functions, to find the coefficients b 0 , b 1 , and b 2 , which best fit the data. The results ( Figure S6b ) suggested that 1) There is a non-random relationship between the amount of food and aggression and 2) there is an inverse-U shaped relationship between the amount of food and aggression. That is, since the coefficient b 0 is significantly different from 0, it implies that the as food increases, aggression goes up until it reaches a certain threshold and then goes down. The 99% confidence intervals for the coefficients b 0 , b 1 , and b 2 , show that the model predicts an X-intercept of 14 to 26 (14 to 26 lunges when there is no food) and an inverse-U shape (99% confidence interval for b 0 is bound within negative values). The results of the analysis were statistically significant for the joint F-test for coefficients b 0 , b 1 , and b 2 , which suggests that there is a non-random relationship between aggression and the amount of food. Since the coefficient b 0 is significantly different from 0, a quadratic function yielded a higher fit to the data than a linear function ( Figure S6c ). This analysis suggests that aggression exhibits a continuous increase and then a decrease as the quantity of food is increased rather than having an all-or-none effect.
While aggression showed an inverse U-shaped curve in response to increasing amount of food (Figure 3a , 3b, Figure S6b and Table  S3 ), locomotion ( Figure S5c and Table S2 ) and male-male courtship ( Figure S5d and Table S4 ) showed no such patterns, suggesting that the biphasic response is specific to aggression. Encounter duration was slightly different when compared to the no-food conditions ( Figure S5d ) although the overall inter-fly distance distribution remained unchanged ( Figure S5b ). These data confirm and extend the results of the previous finding [22] , but are inconsistent with their interpretation that a larger size of food decreases aggression due to the increased energetic cost of defending a larger territory. Instead, we favor the idea that aggression between flies reflects competition over limiting amounts of food resources, which can be partially overcome when nutrients exceeds a certain threshold.
Flies display territorial behavior
Territorial behavior refers to overt or implied defense of an area by one or a group of animals at the exclusion of others [66] . Although the term territoriality is frequently used when referring to aggression in Drosophila [3, 22] , previous studies have not distinguished between the defense of a territory (territoriality) from the defense of a resource per se [6, 35] . To investigate this issue, we observed in more detail the spatial distribution of a pair of flies with respect to food resources of different areas.
As mentioned earlier, flies preferentially occupy the area where food is present (Figure 1b and 4a ). In addition, we observed that as the area of the food patch was increased, the position heat map showed an apparent circular ''donut'' shape (Figure 4a ), suggesting an increased preference of flies to remain near the periphery of the food patch. This observation suggested that flies may defend the perimeter of the food, rather than the entire food resource, when the size of the patch is large.
To distinguish whether this phenomenon was related to aggression, or simply reflected an innate preference of flies to occupy the boundary of a food patch, we compared the distribution of single flies and fly pairs for two different sizes of food patches (Figure 4b ). In order to quantify these distributions with respect to the food patch area, we measured the amount of time flies spent as a function of the distance from the food patch border patches, and aligned the histograms to the border defined as 0 mm (Figures 4c and 4d) . In both 30 mm and 45 mm diameter patches, we observed two peaks defining three zones in the histograms, which we refer to as Zones A, B, and C (Figures 4c  and d, lower) . Zone A comprised the food patch itself and exhibited a peak in the fly distribution at the border. Zone B comprised the area between the food border peak and a second peak, located approximately 15-20 mm from the outside edge of the arena. Zone C comprised the perimeter area of the arena. Since Zone A was the area occupied by the food patch, fly occupation of this area simply reflected their natural attraction to food. Zone C could, in part, reflect thigmotactic tendencies of flies [67, 68] , since in the absence of food, a similar peak around 15-20 mm from the edge of the arena was also observed ( Figure S7a ). To investigate whether these experimental peaks were different from a random distribution, which would be expected if flies behaved as if they were randomly moving particles, we calculated a random distribution from the area in the bins at each indicated distance from the food border and compared it to the experimental distribution ( Figure S7b ). These comparisons revealed that in the absence of a food patch (blue line), flies behaved similarly to randomly moving particles (teal colored line). In contrast, in the presence of a 30 mm diameter food patch, fly positions (orange) were not randomly distributed. Table S3 for pair-wise comparison statistics). (c) Male-male courtship normalized by locomotion shows no increase or decrease (See Table S4 In both single and paired fly experiments, there were two peaks dividing these three zones in both 30 mm diameter (Figure 4c , blue for single fly and orange for paired fly experiments) and 45 mm diameter food patches (Figure 4d ). Nevertheless, we observed a noticeable difference in the distribution of flies within Zone B. Pairs of flies appeared to spend more time in this zone than did single flies. To quantify these differences, we calculated the area under the curves in Zone A and Zone B for single vs. paired flies. Single male flies spent significantly less time than did flies in pairs in Zone B for both 707 mm 2 and 1590 mm 2 food patches (Figure 4e) . In contrast, when we calculated the amount of time flies spent in the food area (Zone A), we found that the presence of an opponent male made no difference (Figure 4f ). These data indicate that the presence of an opponent does not enhance attraction to food; instead it only increases the amount of time flies spend in the area just outside the food border, suggesting that fighting flies adopt a ''perimeter defense'' strategy. These data are consistent with the notion that when the size of the food patch is large (Figure 4a , 177 mm 2 vs. 1590 mm 2 ), Drosophila males fight over access to a food-containing territory, rather than just over the food resource itself.
Sucrose is sufficient to promote aggression
Foregoing data suggested that flies may use their chemosensory systems to measure the absolute nutritional content of the food to tune the level of aggression. Apple juice and fly culture food are complex mixtures containing a variety of odorants and tastants [69] [70] [71] . One obvious indicator of nutritional content in natural food resources is the concentration of sugar. Therefore, we tested whether pure sucrose, present in fly culture medium and food mix used in our experiments, would be sufficient to increase aggression in the absence of any other food component. Surprisingly we found that a small patch of 100 mM sucrose (see Figure S4e) , comparable to concentrations found in fruits [33] and in laboratory fly food medium [70] , was sufficient to promote aggression to a level comparable to that observed using the food substrate (Figure 5a and Figure S8d ). Similar to uniform food, the ability of sucrose to increase aggression was not due to a difference in the encounter duration, because the presence of a patch of sucrose neither changed the overall distribution of the flies (Figure 5b) , nor changed the encounter duration (Figure 5c and 5d). The presence of sucrose increased locomotion (Figure 5e ), but the increase in aggression caused by sucrose remained significant following normalization to distance traveled (Figure 5f ). In contrast, male-male courtship was not increased (Figure 5g ). Thus pure sucrose can mimic the effect of food to increase aggression.
To examine the dose-dependency of aggression on sucrose, we compared the number of lunges in 100, 200 and 800 mM sucrose (Figure 5h , see Figure S4e ). Similar to the results obtained with food ( Figure S8d) , we first saw an increase in aggression when we increased the concentration of sucrose from 100 to 200 mM. Moreover when we further increased the level of sucrose to 800 mM, the level of aggression was no different from the control condition (Figure 5h ). Taken together, these data suggest that sucrose exhibits a bi-modal influence on aggression that is qualitatively similar to that seen with food.
The activity of sugar sensing Gr5a
+ gustatory receptor neurons is required for aggression Previous work has shown that several subpopulations of fly gustatory receptor neurons play a role in male-male aggression and male-male courtship via detection of pheromones [1, 4, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Sucrose is known to be detected by Gr5a + GRNs in the fly gustatory system [21, 24, 25] . However these GRNs have previously only been implicated in the context of feeding and proboscis extension behaviors [24, 28, 29, 31, 32] . Because we found that sucrose is sufficient to promote male-male aggression, we investigated whether the activity of Gr5a + GRNs is required for male-male aggression on food. To test this, we silenced the neurons by expressing tetanus toxin light chain (TNT) [34] under the control of the Gr5a-GAL4 promoter [31] .
First we verified that silencing the Gr5a + GRNs via expression of TNT reduced sucrose sensitivity by performing proboscis extension reflex (PER) assay (Figure 5i) , as described previously [24, 28, 29, 31, 32] . Next we tested the effect of silencing Gr5a + GRNs on aggression and found that the activity of Gr5a + GRNs is necessary for aggression on food (Figure 5j) . Importantly, flies whose Gr5a + GRNs were silenced could still perform aggression at a level comparable to the genetic controls in the presence of females, suggesting that the effect of silencing Gr5a + GRNs did not merely impair the ability to fight ( Figure S8a ). We confirmed that we could get the same result of reduced aggression in the presence of food using another effector, UAS-Hid [42] , which was shown to disrupt the function of Gr5a+ GRNs [44, 46] (Figure S8b ). Since food contains various gustatory and olfactory cues [33] that are not detected by Gr5a + GRNs, these data suggest that detection of sweet tastants plays a permissive role in food-induced aggression.
Finally, we investigated whether increasing the activity of Gr5a + GRNs would suffice to increase aggression. To do this, we expressed different effectors, that increase the neuronal activity in Gr5a + GRNs, including UAS-DTRPA1, UAS-TRPV1, UASNaChBac tub-Gal80ts, UAS-ChR2 and UAS-ReACh [10, 28, [36] [37] [38] [39] [40] . However, none of the effectors increased aggression in the absence of food ( Figure S8c ; UAS-dTrpA1, UAS-ChR2 and UASReACh data not shown). This was true even for TRPV1, a cation channel activated by the ligand capsaicin, which was added to the agarose substrate in order to ensure activation of Gr5a GRNs on the tarsae ( Figure S8c ). These data suggest that although Gr5a + GRNs are necessary for normal levels of food-induced aggression, they are not sufficient to increase aggression in the absence of food.
Discussion
In nature, when confronted with another animal, a male has to decide whether to engage in social behavior and if so, whether to engage in aggression or courtship. Understanding how information processing in the brain controls such behavioral decisions is a fundamental problem in neurobiology. An essential first step in this framework is to identify the relevant sensory cues to a particular behavior and neural circuits, which process these inputs.
Intraspecific aggression is an innate social behavior observed in many species. The presence of either food or a mating resource is fundamental to releasing aggression, as a link between these resources and aggression has been observed in many species, such as primates [41] , mice [43] , birds [47] , fish [48] , squid [49] , spiders [50] , ants [51] , cockroaches [53] , and flies [3, 22, 27, 55] .
In flies, correlations have been observed between an increased probability of aggressive encounters and the presence of females or various food substrates [1] [2] [3] [4] 16, 19, 20, 22, 23, 27] . Nevertheless, as most studies investigated aggression in the presence of both food and a female, until recently [1, 9] , no study has compared the level of aggression with food vs. no food in the absence of females. Furthermore, no study has distinguished whether attractive resources directly promote male-male aggression in Drosophila, or rather promote this behavior indirectly simply by increasing the proximity and therefore the probability of encounter between competing males [1, 3, 4, 6, 22, 30, 72] . In addition, it was not clear whether food increased all social behaviors or specifically increased aggression. Resolving these issues is fundamental to studies of aggression in all animals.
Here we confirm that in flies, food can increase aggression relative to an agarose substrate, in the absence of females [2, 5, 9] . Furthermore, we provide evidence that this effect is not due to an increase in the proximity of flies to each other: food covering the entire surface of the arena does not increase encounter duration but nevertheless increases aggression. Our data also indicate that although food slightly increases locomotor activity, its effect to increase aggression is still significant even after normalizing for locomotion. In contrast to aggression, male-male courtship is unchanged or even somewhat decreased, by the presence of food. Taken together, these data suggest that food specifically promotes aggression.
Previous studies have demonstrated that there is a food patch size-dependent increase in aggression in flies [22, 27] . But it was unclear from these studies whether the flies were responding to an increase in the amount of food, or rather the area of food. We systematically compared increases in both food area at a fixed concentration, and increased food concentration in an arena of fixed area. Both manipulations increased the amount of aggression (up to a certain point), indicating that the relevant factor is the absolute amount of food, rather than the area over which it is distributed. Importantly, above a certain amount of food, aggression is decreased, while decreasing the concentration of food in the same-size arena increased aggression. These data reveal a dose-response relationship between food and aggression, suggestive of competition.
Since we observed multiple incremental steps in the level of aggression as the amount of food was increased, food seems to play an instructive role in promoting aggression rather than a purely permissive role: in the latter case there would be only two statistically distinguishable levels of aggression, high when there is any amount of food and low when there is no food. Nevertheless, because there is a large amount of pair-to-pair variation in aggression, the change in aggression can only be detected between large changes in the amount of food. It is unclear why a male fly, whose length is approximately 2.5 mm, continues to increase aggression until the diameter of the food patch reaches 30 mm, and only decreases aggression slightly when the diameter of food exceeds 50 mm (a circular patch 256 length of the fly body). The exact mechanism by which flies ''measure'' the absolute amount of food to tune the level of aggression is unclear.
We also found that sucrose, which is present in many fruits, fly medium, and the food in our assay, mimic food's effects on aggression [70] . There is a dose-dependent increase in aggression and eventual decrease after the amount of sucrose exceeds a certain amount, similar to the effect of food. By inhibiting Gr5a + GRNs, the sweet-sensing gustatory receptor neurons in flies, we showed that the sugar-sensing gustatory receptor neurons play a permissive role in aggression promoted by food. Artificial activation of Gr5a + GRNs failed to increase aggression however. This result, taken at face value, would seem to suggest a permissive and not instructive role for sugar in aggression, in seeming contradiction to the result of our dose-response studies. The reasons for our failure to show that artificial activation of Gr5a GRNs is sufficient to increase aggression may be technical or biological. Technical reasons could include an inability to activate Gr5a + GRNs to a critical threshold necessary for aggression, perhaps due to a depolarization block [39] . Alternatively, Gr5a + GRNs may be required to detect the presence of sugar, but the calculation of relative resource value may require higher order circuits. It is worth noting that sucrose is attractive to egg-laying females [73] , much like various types of fruits [22] . This suggests the possibility that male flies may compete over food not only to gain access to nutrients, but also to locations where egg-laying females are present. Consistent with this idea, food also increases male-female courtship [74] .
A potential caveat regarding our experiments with Gr5a + GRNs is that our GAL4 driver may also be expressed in pheromonesensing GRNs. However, the available data do not support that possibility. Previous studies showed that Gr5a-GAL4 do not overlap with markers for pheromone-sensing GRNs (ppk23, ppk25, and fru M ) [10, 14] , and that Gr5a + GRNs did not respond to male pheromones [20] . Furthermore, disruption of Gr5a + function does not decrease aggression when the aggression promoting resource is females instead of food ( Figure S8a ), nor does it produce any effect on courtship or social behaviors [18, 75] . Finally, disruption of Gr5a + GRNs function decreases aggression in the presence of sucrose ( Figure S8c ). Taken together, these data strongly argue against the possibility that the requirement for Gr5a GRNs in aggression on food is due to a role in pheromone rather than sugar detection.
Aggression in flies is typically considered to be ''territorial'' [3, 22] . However there is a difference between the defense of a territory containing a particular resource, and the defense of the resource itself: a bird may defend a nest or defend a larger area in which the nest is located. The available data do not distinguish between the two in the case of Drosophila. We observe that although single flies exhibit an innate attraction to food, in the presence of another male, they spend more time just outside the perimeter of the food area. Correspondingly, most fighting occurs in the perimeter surrounding the food area. This ''doughnut'' effect is most apparent when the food patch becomes larger than 20 mm in diameter; in smaller diameter arenas, fighting occurs throughout the food patch.
These observations are consistent with (but do not prove) the idea that when the area of the food patch exceeds a certain size, flies adopt a ''perimeter defense'' strategy. Since such a strategy is the most energetically efficient way for a fly to prevent occupancy of a large food patch by its competitor, these results suggest that aggression in flies may indeed involve territorial defense. Nevertheless, we cannot formally exclude the possibility that flies fight at the patch perimeter simply because they prefer to occupy this area.
Taken together, our experiments show that food promotes aggression in flies, in a manner that is not simply an indirect consequence of arousal, aggregation on food, or a general increase in social interactions. Flies increase and decrease the amount of aggression depending on the amount of food available, which is suggestive of competition over a limiting resource: aggression declines when the resource exceeds a certain threshold. The detection of this resource requires gustatory sugar receptor neurons that express Gr5a, consistent with the idea that it is the perceived caloric value of the resource that promotes aggression. Finally, flies exhibit a ''perimeter defense'' strategy, which is suggestive of a function for aggression to prevent the opponent from gaining access to a resource-rich territory. Together, these data offer new insights into the control of aggression in flies by food, which may apply to other species as well.
Materials and Methods

Behavioral assays and analysis
Behavioral assays were performed using 3-7 day old male flies that were raised in isolation. Group-housed flies were used in experiments shown in Figure 5 , because group-housed male flies show female-induced aggression, unlike single-housed flies, which show a high level of baseline aggression even without females. In all experiments involving the Gr5a-GAL4 flies and their genetic controls, comparisons were made on equivalent genetic backgrounds. Most experiments were performed in a 40 mm650 mm behavior chamber previously described [26] or the new 70 mm670 mm chamber ( Figure S4c ) that allowed us to test different amounts of food. Briefly, two males were introduced into the chamber by gentle aspiration, recorded for 20 min, and behavioral data were extracted from the recorded videos using CADABRA software or directly from MATLAB. Temperature and humidity were kept around 25uC and 40-50% R.H. and all experiments were performed around the activity peak of flies, either from 7 am to 3 pm or 7 pm to 3 am. As flies have to be able to see in order to fight, all experiments were performed using a ring-shaped strip of white LEDs to illuminate the behavioral chambers. From these analyzed movies, we extracted several parameters, such as position of flies with respect to food, frame by frame inter-fly distance, distance traveled, number of lunges performed, and number of circling behaviors performed. These parameters were manually checked to make sure that the tracking algorithm was reporting with high fidelity. For male-male onewing extensions, behavior was scored manually as we found that CADABRA was unable to report an accurate count of male-male one-wing extensions. Thus we used number of circling bouts instead of number of one-wing extensions to measure male-male courtship, except to show that food does not increase male-male courtship. All of the different chambers used can be seen in schematic drawings in Figure S4 .
Fly stocks and rearing conditions
All fly stocks were reared in plastic vials containing yeast, corn syrup, and agar medium at 25uC, 60% humidity, and a 12-h light:12-h dark cycle. Newly eclosed males were reared either individually (single housing) or at 10 flies (group housing) per vial [2.4 cm (diameter)69.4 cm (height)] for 3 or 7 days before performing the behavioral assay. Wild-type Canton-S (CS) flies were used for all experiments unless otherwise indicated. Gr5a-GAL4 flies were a gift from the John Carlson Lab. UAS-TNT and UAS-IMPTNT flies were acquired from Bloomington. UAS-Hid flies were a gift from Joel Levine Lab. UAS-Shi ts flies were flies were a gift from obtained from the Gerald Rubin Lab [76] . All transgenic flies used, such as the Gr5a-GAL4, UAS-TNT, UAS-IMP, UAS-Hid, UAS-nlsGFP UAS-Shi ts were backcrossed for 6 generations into the CS background. All behavioral assays were performed using males carrying the wild-type X chromosome.
Statistical analyses
Most of the behavioral data were nonparametrically distributed; thus, only nonparametric tests were used to test for statistical significance. Mann-Whitney U tests (for pairwise comparisons) and Kruskal-Wallis analysis of variance (ANOVA; for comparisons among .2 groups) were applied. Significant difference among groups detected by Kruskal-Wallis ANOVA was analyzed using Dunn's post hoc test (with corrections for multiple comparisons) to identify groups with statistically significant differences. Two-way ANOVA was applied for comparisons among histograms. 
conditions). d) Activation of Gr5a
+ GRNs by expression of UAS-TRPV1 and UAS-NaChBac, tub-Gal80ts fails to increase aggression in the absence of food. n = 8, 12, 6, 8, 
